A selective method for the determination of ribonucleotides is described which employs high performance liquid chromatography with on-line postcolumn fluorescence derivatization. Ribonucleotides are separated on a reversedphased column (TSK gel ODS-8OTM) and automatically converted into fluorescent derivatives by reaction with 1,2-bis(4-methoxyphenyl)ethylenediamine in an acidic medium after periodate oxidation. The detection limits (S/ N=3) for ribonucleotides are 14 -67 pmol in a 100 µl injection volume. The quantification of ribonucleotides in human erythrocytes is also described.
The concentrations of ribonucleotides, such as adenosine-5'-triphosphate (ATP) and adenosine-5'-diphosphate (ADP), not only reflect the activity conditions of cells and organs'-3, but also involve the degree of freshness of fish and meat food products.4
The methods for the determination of ribonucleotides in biological materials are mostly based on high performance liquid chromatography (HPLC) with UV detection.5-' However, these methods are neither very sensitive nor selective; very little attempt has been made to improve them regarding sensitivity and selectivity.8'9
We recently reported that 1,2-bis(4-methoxyphenyl)-ethylenediamine (p-MOED) reacted selectively and sensitively with ribonucleosides and ribonucleotides in an acidic medium after periodate oxidation to produce fluorescent derivatives.10 A simple, selective HPLC method was then established for the determination of pseudouridine (a modified nucleoside as a tumor marker) in human urine and serum by applying the above-mentioned fluorescence reaction to postcolumn derivatization.' 1 This study extended the application of the fluorescence derivatization reaction to the HPLC determination of ribonucleotides. Ribonucleotides are separated on a reversed-phase column and are then subjected to fluorescence derivatization. Ribonucleotides in human erythrocytes were also determined by an established method using xanthine-5'-monophosphate (XMP) as an internal standard.
Experimental
Reagents and solutions p-MOED was synthesized as described previously.12 All chemicals were of reagent grade. Deionized and distilled water was used. A p-MOED solution (20 mM) and a sodium periodate solution (2 mM) were prepared in 0.14 M perchloric acid containing 68% (v/ v) ethanol and in water, respectively. HPLC system and its operation Figure 1 is a schematic diagram of an HPLC system constructed for the determination of ribonucleotides. A 100 µl aliquot of sample solution was applied into a CCPM chromatograph (Tosoh, Tokyo, Japan) equipped with a Rheodyne 7125 syringe loading sample injector valve (100 tl loop) and a TSK gel ODS-80TM column (particle size 5 µm, 250X4.6 mm i.d.; Tosoh). The mobile phase (10 mM sodium phosphate buffer (pH 4.0) containing 2% (v/v) methanol and 5.4 mM EDTA• 2Na) was delivered at a flow rate of 0.5 ml min'. The column temperature was ambient (25±2° C). The sodium periodate solution was added to the eluate stream by means of an SSP PM 1024 pump (Sanuki Kogyo, Tokyo, Japan) at a flow rate of 0.25 ml min; the mixture was passed through a reaction coil (1 mX0.5 mm i.d., stainless-steel tube) for oxidation. The p-MOED solution was added to the stream at a flow rate of 0.25 ml min'.
The mixture was then heated in a reaction coil (20 mX0.5 mm i.d., stainless- steel tube) placed in a Shimadzu (Kyoto, Japan) CRB-6A reaction bath (140°C) to develop fluorescence, and the reaction mixture was passed through an air-cooling coil (1 mXO.25 mm i.d., stainless-steel tube). The fluorescence intensity of the last effluent was monitored at 470-nm emission with 340-nm excitation (both spectral bandwidths were 15 nm) using a Hitachi F-1000 spectrofluorometer equipped with a flow cell (12 µl). Peak heights were used for quantification.
Sample preparation for HPLC
Heparinized blood (5 ml) was taken into a polyethylene tube and centrifuged at 1000g for 15 mm at 4°C . The plasma and buffy coat were removed by aspiration . Subsequently, the erythrocytes were washed three times with 5 ml of ice-cold physiological saline and the erythrocytes were immediately used for analysis.
To 300 µl of the erythrocytes, 10 µl of 5 µmol ml-1 XMP (internal standard) and 1 ml of ice-cold 0.6 M perchloric acid were successively added for deproteinization. The mixture was centrifuged at 1000g for 10 min . The supernatant (300.tl) was mixed with 200 µl of a 1 M Na-K phosphate buffer (pH 6.6); the mixture was then briefly centrifuged.
A 100 µl aliquot of the supernatant was injected into the HPLC system. The sample preparation leading to acid-deproteinization after venipuncture must be carried out within 40 min , since triphosphate ribonucleotides (such as ATP , inosine-5'-triphosphate (ITP) and guanosine-5'-triphosphate (GTP)) decompose to the corresponding diphosphate ribonucleotides.13 Results and Discussion monoand HPLC separation of ribonucleotides Nine ribonucleotides (ATP, ADP , adenosine-5'-monophosphate (AMP), GTP, guanosine-5'-diphosphate (GDP), guanosine-5'-monophosphate (GMP), uridine-5'-diphosphate (UDP), inosine-5'-monophosphate (IMP) and XMP) were used as model compounds for HPLC separation. Three modes of HPLC separation (anionexchange5'6, reversed-phase and ion-pairing') have been employed. An ion-exchange HPLC that used an anionexchanger column (TSK gel DEAE-25W; Tosoh) required a highly concentrated buffer (approximately 1 M phosphate buffer) for the separation and yielded broad peaks for the nine ribonucleotides . An ion-pair reversed-phase HPLC using a TSK gel ODS-8OTM column and tetrabutylammonium hydroxide as an ion-pair reagent in the mobile phase required a high flow rate of the mobile phase for the resolution of the ribonucleotides and it was unsuitable for the postcolumn derivatization reaction. Finally, it was found that the nucleotides could be satisfactorily separated on a reversed-phase column .(TSK gel ODS-8OTM) using an acidic phosphate buffer containing small amounts of methanol and EDTA2Na as a mobile phase . The eluates from all of the peaks have fluorescence excitation and emission maxima at 340 nm and 470 nm, respectively; the fluorescence excitation and emission spectra were almost identical with those observed using a manual spectrofluorometric method. 10
The retention times for the nucleotides decreased with increasing concentrations of sodium phosphate buffer and methanol in the mobile phase; the recommended concentrations (10 mM in sodium phosphate buffer and 2% (v/v) in methanol) could afford a rapid and satisfactory separation.
The retention times increased upon decreasing the pH of the phosphate buffer; the selected pH (4.0) gave complete separation. EDTA•2Na in the mobile phase served to sharpen the peaks for triphosphate ribonucleotides at a concentration of around 5.4 mM. EDTA•2Na may protect the HPLC column from adhesion of metal ions which cause the formation of a chelate complex with the triphosphate ribonucleotides.
Conditions of postcolumn fluorescence derivatization
A sodium periodate concentration ranging from 1-3 mM yielded the highest peaks for the nine nucleotides; 2 mM was selected for reproducible results. Perchloric acid that was an acid required for the fluorescence reaction nrnvided almost maximum neck heights in the concentration range 0.05 -0.15 M in a p-MOED solution; 0.14 M was selected as being optimum. Water-miscible organic solvents (such as methanol, ethanol and acetonitrile) accelerated the fluorescence reaction.
Of these solvents, ethanol was the most effective in a concentration range of 60 -80% (v/ v) in the p-MOED solution; 68% (v/ v) was employed. The highest peaks were attained at p-MOED concentrations of 15 -25 M; 20 mM was selected.
A 1-m long oxidation reaction coil (0.5 mm i.d.) was most satisfactory. Fluorescence reaction coils (0.5 mm i.d.) of 15 -25 m gave almost maximum and constant peak heights; 20 m was used (the passage period of the reaction mixture was 3.9 min). The peak heights increased with increasing the reaction temperature up to approximately 150°C. A temperature higher than 150° C caused background noise in the chromatogram due to gas bubble formation in the reaction coil; 140° C was most acceptable.
The calibration graphs obtained by plotting the peak heights versus the amounts of the nine nucleotides (0.1-10 nmol per injection volume) were linear and passed through the origin. The detection limits (pmol in a injection volume of 100 µl; S/ N=3) were 14 (UDP), 38 (GTP), 19 (GDP), 25 (ATP), 24 (ADP), 29 (GMP), 38 (IMP), 67 (XMP) and 43 (AMP).
The relative standard deviations (n=10) for the nucleotides did not exceed 2.8%.
Determination of ribonucleotides in human erythrocytes
Since XMP does not occur in human erythrocytes it was employed as an internal standard. Recoveries (mean±standard deviation (%), n=5) of the nucleotides (50 nmol each) added to 300 µl of erythrocytes in the recommended deproteinization procedure with perchloric acid were 92±1 (ATP), 67±2 (ADP), 85±2 (IMP), 78±2 (AMP) and 87±1 (XMP). Two other deproteinization procedures that used acetonitrile and trichloroacetic acid, respectively, gave lower recoveries. Figure  3 shows a typical chromatogram obtained with human erythrocytes. The peak components were identified on the basis of the retention times in comparison with the standard solutions and by co-chromatography of both the standards and the samples. Peaks ascribable to ATP, GTP, ITP, GDP, inosine-5'-diphosphate (IDP), ADP, IMP and AMP were observed in the chromatogram. Although the late-eluting compounds (ATP, ADP, IMP and AMP) could be determined, the earlyeluting compounds (GTP, ITP, GDP and IDP) could not be quantified successfully because of insufficient resolution of the peaks. However, the resolution of the early-eluting compounds could be greatly improved by using the mobile phase lacking methanol; the lateeluting compounds were eluted much later with badly broadened peaks. Peak 10 in Fig. 3 appears to be due to a ribonucleotide, since the fluorescence excitation and emission maxima of the eluate were at 340 and 470 nm, respectively.
These are characteristic of ribonucleotides; the peak disappeared when p-MOED Peaks and concentrations (nmol ml-') in parentheses: 1, GTP; 2, ITP; 3, GDP; 4, IDP and/or others; 5, ATP (1007.4); 6, ADP (147.5); 7, IMP (7.5); 8, XM P (166.7, internal standard); 9, AMP (23.3); 10, probably a ribonucleotide; 11, unidentified. was absent in the HPLC system. Linear relationships were obtained between the ratios of the peak heights of ATP, ADP, IMP and AMP to that of XMP, and the amounts of ATP, ADP, IMP and AMP added in the range of 1-50 nmol each to 300 µl of erythrocytes. The detection limits (S/ N=3) for ATP, ADP, IMP and AMP in erythrocytes were 1.8, 1.7, 2.8 and 3.1 nmol ml-' (corresponding to 25, 24, 38 and 43 pmol per injection volume), respectively. The relative standard deviations in repeated determinations (n=5) of ATP, ADP, IMP and AMP were 2.1, 1.5, 1.9 and 2.3% at mean concentrations of 1007, 148, 7.5 and 23.3 nmol ml-1 erythrocytes, respectively.
The concentrations of ATP, ADP, IMP and AMP in erythrocytes from healthy persons were determined by the present method (Table 1) . The values agreed with data obtained by other workers. 8'9,13,14 This method is fairly sensitive and highly selective. It should therefore be applicable to biomedical and bioanalytical investigations of ribonucleotides. 
